Colorectal cancer (CRC) is the second leading cause of cancerrelated death in the United States. In 2017, ~100 000 patients are expected to be diagnosed with local (stages 0-II) or regional (stage III) CRC where prognostic information is needed to guide patient management. 1 Unfortunately, current histopathologic staging methods are imperfect and considerable stage-independent variability exists in clinical outcome. The role of adjuvant chemotherapy in stage II patients remains unresolved, 2-9 and it is estimated that one-third of such patients receive adjuvant chemotherapy in the United States. Accordingly, a substantial proportion of patients are currently overtreated and a high-risk subset is undertreated. 10 Acknowledging the limitations of stage-specific treatment guidelines, there remains an unmet need for more accurate prognostic tools to identify stage II patients at risk of relapse that are likely to benefit from adjuvant chemotherapy. 11 Prognostic test development is predicated on the identification of novel biomarkers associated with tumor recurrence/ metastasis. Actin-binding proteins such as the vasodilatorstimulated phosphoprotein (VASP) represent promising biomarker targets with potential prognostic utility. 12-15 VASP is an actin polymerase that directs the formation of migratory and invasive membrane structures including filopodia and invadopodia. 12 
associated with aggressiveness in breast cancer and is reduced in human CRC, suggesting that dysregulated VASP phosphorylation during colorectal transformation may underlie the metastatic phenotype. 12, 14 In this report, we examined the relationship between VASP, pSer 157 -VASP, and pSer 239 -VASP in primary human CRC tumors with disease progression. Tissue microarrays (TMAs) containing 119 primary CRC tumors and matched normal adjacent tissue (NAT) specimens were subjected to immunohistochemistry (IHC) for each VASP biomarker (VASP, pSer 157 -VASP, or pSer 239 -VASP), and semi-quantitative scoring was performed by pathologists blinded to clinical data (0-3 scale; Table 1 and Supplementary Figure 1A) . Compared with matched NATs, tumors exhibited significant expression changes in VASP (upregulation) and pSer 157 -VASP (downregulation; Figure 1A ). However, following normalization, where staining intensity scores for pSer 157 -VASP and pSer 239 -VASP were divided by the score for VASP, both phosphorylated VASP forms were significantly downregulated in adenocarcinomas compared with matched NAT, or compared with non-matched carcinoma in situ ( Figure 1B) . Moreover, analysis of normalized relative levels (Tumor/NAT) of VASP phosphorylated forms revealed that pSer 239 -VASP was also significantly decreased in lymph node positive (N+) compared with node negative (N0) CRCs ( Figure 1C ). These data suggest that differential expression of VASP and its phosphorylated forms are associated with CRC invasion and metastasis to regional lymph nodes.
To investigate potential clinical utility of VASP biomarkers, a pilot study was performed employing tissues from 22 stage II (T3N0) CRC patients comprising primary tumors and matched NATs (mounted as whole-tissue sections). Expression of VASP biomarkers was analyzed in relationship to clinical outcome data (≥5 year follow-up). The patient cohort was selected as chemotherapy-naive, well-balanced for tumor site and grade distribution, and enriched for tumor recurrence (55%; Table 2 ). Following IHC staining for VASP, pSer 157 -VASP, or pSer 239 -VASP, a semi-quantitative H-scoring system was employed (Supplementary Figure 1B) . Independent scores from 2 blinded pathologists were highly correlated, suggesting that staining intensity quantification of VASP biomarkers is a reliable and objective measurement (Supplementary Figure 2) . Importantly and compared with NATs, tumors exhibited significant upregulation of VASP and downregulation of absolute or VASP-normalized levels of both pSer 157 -VASP and pSer 239 -VASP (Figure 2A ), confirming the observations from TMA studies. Then, VASP-normalized values of pSer 157 -VASP and pSer 239 -VASP, and relative tumor/NAT ratios of each VASP biomarker were calculated and Receiver Operating Characteristic (ROC) analysis performed to identify threshold values that optimally discriminate between recurrence and recurrence-free survival (Supplementary Figure 3) . Furthermore, hazard ratios (HRs) and 95% confidence intervals (CIs) were calculated using Cox proportional hazard models and KaplanMeier survival curves were generated ( Figure 2B and Supplementary Figure 3 ). VASP-normalized pSer 157 -VASP and pSer 239 -VASP values in tumors, but not NAT, significantly discriminated by recurrence and recurrence-free survival among the cohort, with HRs undefined for pSer 157 -VASP (due to absence of recurrence in the low-risk group), and of 3.6 (95% CI, 0.9-14.3; P = .02) for pSer 239 -VASP (Supplementary Figure  3A and Figure 2B ). Relative tumor/NAT values of pSer 157 -VASP and pSer 239 -VASP, but not VASP, also significantly discriminated patient risk groups (Supplementary Figure 3B) and exhibited HRs of 6.3 (95% CI, 1.9-21.4; P = .04) and 7.6 (95% CI, 2.3-25; P = .02), respectively ( Figure 2B ). Unlike VASP biomarkers, no significant associations were observed between traditional clinicopathological parameters, including age, sex or primary tumor site ( Figure 2B ). Importantly, integration of multiple VASP biomarker ratios into algorithms provided single index scores that were found to more accurately discriminate between recurrence and recurrence-free survival than did individual ratios. ROC analysis of one such algorithm (Supplementary Figure 3C) resulted in an optimally discriminating threshold (area under the curve [AUC] = 0.83; 95% CI, 0.63-1.02; P = .009) with an HR of 12.4 (95% CI, 3.8-40.6; P = .002; Figure 2B ). Finally, VASP biomarker ratios were applied in sequence, employing a novel, 2-tiered model developed to optimize negative and positive predictive values (NPV, PPV) ( Figure 2C ). Here, a Tier 1 stratification is applied based on optimization of NPV. Low risk patients identified by Tier 1 are then excluded from Tier 2 stratification. In this way, true negative depletion and the subsequent increased incidence of true positives in the Tier 2 cohort introduce a bias for higher PPV performance. VASP-normalized pSer 157 -VASP tumor ratio was selected as the Tier 1 test based on the high NPV exhibited (100%), while the pSer 239 -VASP tumor/NAT ratio (PPV, 72%) was employed in Tier 2. As predicted, the PPV performance of the Tier 2 4 
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VASP test greatly improved (to 91%) following patient (n, 6) exclusion in Tier 1 ( Figure 2C) .
Altogether, these observations suggest that VASP biomarkers are associated with disease progression and recurrence risk in CRC patients, and may be configured to optimize clinically relevant measures such as NPV and PPV. Future independent validation studies that use large patient cohorts are needed to fully evaluate and demonstrate the prognostic value of VASP biomarkers in CRC.
Materials and Methods Patients
For the TMAs, paraffin-embedded colorectal adenocarcinomas and respective NATs from 119 patients homogeneously distributed along TNM pathological stages were obtained from the Department of Pathology, Anatomy and Cell Biology at Thomas Jefferson University (Philadelphia, PA), under a protocol approved by the Institutional Review Board (IRB). Tissue blocks, sorted by TNM stage, were processed and correspondent tissue cores of 0.7 mm in diameter were collected from regions of interest and assembled in duplicate into 2 TMA blocks, TMA-1 and TMA-2, containing a total of 150 and 118 cores, respectively (see below for detail). For wholetissue section studies, clinical residual tissues from 22 stage II, T3 patients with matched colon adenocarcinomas and NAT (mounted as whole-tissue sections) and clinical outcomes data (≥5 year follow-up) were obtained from the Mayo Clinic under an IRB-approved protocol.
Tissue microarrays
Each TMA block contained 2 tissue sectors, the Tumor grid and the correspondent NAT grid (Supplementary Figure 1) . TMA-1 was constructed with 67 low TNM stage cases (from top-to-bottom: 12 stage 0, 24 stage I, and 31 stage II), while TMA-2 contained 52 high TNM stages (from top-to-bottom: 37 stage III and 15 stage IV). Normal colorectal tissue controls from non-cancer patients were also allocated (in duplicate) in the first 6 positions (from top left corner) of each tissue sector, and served as the internal positive controls. Moreover, 10 (in TMA-1) and 8 (in TMA-2) tissue cores from human placenta from de-identified donors were allocated in vertical positions in the middle (number 7) column, starting from the second row, of each sector and served as the negative control samples. Then, 4 µm tissue sections were cut from each TMA, mounted on microscope slides and subjected to IHC. Following standard pathological processing, insufficient or poorly processed tissue cores resulted in 2 (1.7%) patients lacking any relevant tissue, and 20 (16.8%) cases with 1 to 3 missing core pairs (in Tumor and/or NAT). Incomplete cases were also included in the analyses, which consequently translated in different total numbers of each biomarker evaluated (as indicated in legends to figures).
Immunohistochemistry
IHC staining was performed with antibodies to human VASP (SC-46668, Santa Cruz, Santa Cruz, CA), pSer 157 -VASP (SC101818, Santa Cruz), or pSer 239 -VASP (SAB4300129, Sigma Aldrich, St. Louis, MO). Following sequential steps of deparaffinization, rehydratation, and antigen retrieval, TMA slides were subjected to serial incubations with primary antibodies (VASP, 1:1000; pSer 157 -VASP, 1:100; pSer 239 -VASP, 1:500), appropriate secondary antibodies, and the DAB reporter system (Vector Laboratory, Burlingame, CA). Then, the membranous and cytoplasmic staining intensity of each VASP marker (evaluated in epithelial cell compartments only) was semiquantitatively scored by 2 blinded clinical 
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pathologists on a 0-to-3 scale (0, absent; 1, weak; 2, moderate; 3, strong).
In the whole-tissue section study, slides were processed using the Bond Polymer Refine Detection (DS9800, Leica) staining kit on a Bond automated stainer (Leica) 
Statistical analysis
Comparisons of VASP biomarker expression in Tumor versus NAT, invasive versus preinvasive lesions, or N+ versus N0 disease were evaluated by 2-sided Student t tests. Pathologists' H-scoring comparisons were evaluated with the Spearman Correlation test. Receiver operating characteristic analysis was employed to determine optimal thresholds that discriminated low-risk and high-risk patients, and time to recurrence was analyzed using the Kaplan-Meier estimator of the survival curves. Test-positive patients had documented disease recurrence and test-negative patients were defined as recurrencefree for ≥5 years following initial surgery, and were censored on the date of last follow-up. The difference in time to recurrence between test-negative and test-positive patients was evaluated using the 2-sided log-rank test. Cox proportional hazard models were used to determine HRs and 95% coefficient intervals (Cis). The algorithm, √(pSer 157 -VASP Tumor/NAT × pSer 239 -VASP Tumor/NAT) / (VASP Tumor/NAT) 2 , provided a single index score to evaluate combined biomarker ratios. All statistical analyses were performed with GraphPad Prism software (Version 7).
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